INTRODUCTION
The high degree of specificity that many pathogens have with their plant hosts is well-documented from field observations and genetic analysis. Hundreds of disease-specificity genes have been described in plants (resistance genes) and in pathogens (pathogenicity genes). Significant progress has been made in the genetics of specificity, in Mendelian and, more recently, molecular terms. However, a major challenge confronting molecular plant pathologists today is to understand the biochemical and physiological mechanisms controlled by specificity genes. Mendelian genetics is limited in the information it can supply about mechanisms, and although molecular genetics supplies detailed information about a gene, including its pattern of expression and the size and amino acid sequence of the product, there have been many cases, both in plant/microbe interactions and in other fields of biology, in which having a cloned gene in hand has not led to insights into the function of that gene.
PERSPECTIVES ON HOST-SELECTIVE TOXINS
For decades, the only known agents of specificity in any plant/microbe interaction were the host-selective toxins (HSTs). The known HSTs are with one exception (94a) low molecular weight secondary metabolites (51) . are known only from fungal pathogens, especially the genera Alternaria and Cochliobolus (Helminthosporium) . The most important attribute of HSTs is that they~ are agents of virulence or pathogenicity: a fungus that makes an HST causes more disease on its host than one that is otherwise identical but does not make the HST. Plant insensitivity to an HST confers increased resistance to the producing organism. Aspects of the biology and chemistry of selective and nonselective phytotoxins have been reviewed in recent years (25, 50, 118) .
Although most HSTs are secondary metabolites, they show great diversity in their chemistry and in their biological effects. Known HSTs include cyclic peptides, terpenoids, oligosaccharides, polyketides, and compounds of unknown biogenesis. Most HSTs from any single pathogen occur as families of closely related compounds, and some HSTs from different species, especially those from Alternaria, are structurally related (51) . However, it is sometimes overlooked that there is no single genetic pattern of host response to HSTs and to the fungi that produce them (9, 74) . Genetic analysis has shown that sensitivity to particular HSTs is controlled monogenically in the host plants, but sensitivity can be dominant, semidominant, recessive, or cytoplasmically inherited (29, 118) . HSTs differ considerably in their biological effects on sensitive host tissues (51) . The basis of specificity is known for two HSTs. Specific response to T-toxin from Cochliobolus heterostrophus is mediated by a novel protein, URFI3, encoded by the mitochondrial genome of maize and located in the inner mitochondrial membrane of sensitive plants (22) . The specificity of HCtoxin, produced by the maize pathogen C. carbonum, is not related to its site of action but to differential detoxification; resistance is dominant (40, 62) . It has been proposed that the specificity of victorin, the HST produced by C. victoriae, is related to differential binding to a membrane-localized protein (114) , but other researchers came to a different conclusion (1) . Regardless, sensitivity to victorin is clearly a dominant trait.
The fact that HSTs were for a long period the only known agents of specificity in any plant/microbe interaction has produced a degree of conceptual polarization among plant pathologists. On the one hand, HSTs have been granted mythic properties or, on the other, dismissed as oddities. The former point of view can be understood in light of the unusual properties of the most famous HST, victorin. Victorin, the first HST to gain widespread attention, is the most phytotoxic and most selective compound known, being www.annualreviews.org/aronline Annual Reviews active against sensitive oats at 10 pg/ml (13 pM), yet not affecting resistant oats or any other plant even at a one millionfold higher concentration (e.g. see ref. 105 ). The single Mendelian locus, called Hv-1, that confers dominant sensitivity to victorin and susceptibility to C. victoriae is either the same or is very tightly linked to Pc-2, which confers dominant resistance to many races of the unrelated pathogen Puccinia coronata, the cause of crown rust. It has long been hoped (57, 76) that study of victorin might open an avenue to understanding the basis of resistance to the important but experimentally intractable rust fungi. Contributing to the HST mythology, victorin was for a long time recalcitrant to purification and characterization, this being accomplished only 40 years after its discovery (105, 115) . Aptly, the structure of victorin is unusual (115) .
Recent progress on the chemistry and biology of HSTs indicates that HSTs are ordinary natural products. The chemical structures, biosynthetic pathways, and molecular genetics of HSTs are similar to those of other microbial secondary metabolites, whether they be called antibiotics, antimetabolites, nonspecific toxins, xenobiotics, growth regulators, teratogens, mutagens, pigments, etc. The vast majority of secondary metabolites have no known biological function; it is as agents of virulence and specificity in the interactions between microbes and plants that HSTs are special to natural products biology and, of course, to plant pathology.
The belief that HSTs are "atypical" agents of specificity was unaddressable for many years since no other agents of specificity were known. However, we can now point out that HSTs share key attributes with recently discovered agents of specificity in symbiotic plant/microbe interactions and with both host-selective and nonselective "elicitors". Clearly, the charge of abnormality against HSTs is not justified.
Even in the days when specificity in other diseases was a complete mystery, scientific objections were raised against the possible universal or even widespread involvement of HSTs. As a result, HSTs are not central to most models of specificity that have been proposed over the years. In the first part of this review we discuss several of these objections and argue that they do not constitute serious reasons to exclude HSTs or HST-like molecules as possible widespread agents of specificity.
Toxins Appear Incompatible
with Monogenic Inheritance of of fungi and some bacteria that specific pathogenicity is inherited monogenically. Monogenic inheritance of resistance and pathogenicity is the major constraint on all attempts to build models of the underlying biochemical events controlled by those genes. It has been argued that monogenic inheritance excludes complex molecules as mediators of specificity, and that therefore primary gene products, i.e. proteins, must do so. This is because complex molecules require many enzymes for their synthesis, and therefore it should be possible to identify many genes contributing to the specificity of a particular disease interaction. Such genetic interactions are observed only rarely. Ellingboe (26) has discussed the difficulty of explaining the genetics of host/pathogen interactions on the basis of complex glycoprotein or carbohydrate elicitors, and similar arguments apply to secondary metabolites. Monogenic specificity mediated directly by the gene product is known in only one disease interaction to date (100).
Plant secondary metabolites such as flavonoid phytoalexins (101) gibberellins (30) clearly do require many individual enzymatic steps and genes. In microorganisms, however, it is now known that tight clustering of secondary metabolite genes is not only common but is the rule. Gene clusters control biosynthesis of actinorhodin (19) , tetracenomycin C (11), erythromycin (24) , graniticin (86) , penicillins in both bacteria and fungi (e.g. 88) , and others (36) . The genes necessary for synthesis of nonspecific bacterial toxins made by different pathovars of Pseudomonas syringae, namely, syringomycin, syringotoxin, phaseolotoxin, tabtoxin, and coronatine, are clustered (32, 111) .
A different kind of clustering is exemplified by multifunctional enzymes. The cyclic hexadepsipeptide enniatin from Fusarium oxysporum is synthesized by a single 250-kd polypeptide (123) . The undecapeptide cyclosporin is synthesized by a 1.4-MDa protein that is apparently a single polypeptide (80) . Although molecular genetic studies of bacterial toxins have not yet been complemented by enzymatic ones, the association of very large polypeptides with the syringotoxin and syringomycin biosynthetic genes (66, 116) suggests that these peptide secondary metabolites are synthesized by multifunctional enzymes similar to other cyclic peptide synthetases (48) .
There are at least two additional ways, at least in fungi, in which multiple genes can segregate as a single Mendelian locus. The first is due to the fact that secondary metabolite genes and gene clusters can be completely missing in nonproducing strains, e.g. the penicillin cluster in Aspergillus nidulans (59) , and TOX2 in C. carbonum (70) . There is no physical limit to the size of a Mendelian "gene" if the alternate "allele" on the homologous chromosome is a deletion. Second, some, perhaps most, pathogenic fungi www.annualreviews.org/aronline Annual Reviews have heterogeneous chromosome numbers and sizes. Genes present on chromosomes that are absent in one parent in a cross (for example, dispensable "B" chromosomes) are always linked (47, 64) .
An intriguing aspect of the biology of the HSTs has been the genetics of the control of their production. In three species of Cochliobolus (Alternaria, unfortunately, has no known perfect stage), single but different genes control production of their respective host-selective toxins. These genes are called TOX1, TOX2, and TOX3 and control production of T-toxin, HC-toxin, and victorin in C. heterostrophus, C. carbonum, and C. victoriae, respectively (12) . It has long been a puzzle how single genes apparently singlehandedly control production of these complex secondary metabolites. Elucidation of the structure of TOX genes could be relevant to the many other situations in which pathogenic specificity is under monogenic control.
Various hypotheses are consistent with single gene control of the production of the HSTs of Cochliobolus. For example, a toxin could be a fortuitously phytotoxic intermediary metabolite that accumulates in the presence of the nonfunctional allele of the TOX gene. This possibility predicts that toxin production would be recessive, but using forced heterokaryons between TOX1 and toxl strains of C. heterostrophus Leach et al (54) concluded that T-toxin production is dominant to nonproduction (but see ref. 12 ). Furthermore, the structures of most other HSTs (51) argue against them being metabolic intermediates. More likely, the TOX genes encode multifunctional enzymes or are gene clusters. The Mendelian locus TOX2 in C. carbonum that controls HC-toxin biosynthesis is a cluster of at least 54 kb encoding in part two copies of a large multifunctional enzyme. Since nontoxin-producing isolates of C. carbonum lack DNA homologous to TOX2, the entire region segregates as a single Mendelian locus (70) . Our studies on the structure of TOX2 are discussed in more detail below.
Genes controlling synthesis of complex secondary metabolites are not necessarily larger than "normal" genes. There is no reason why an HST or a host-selective elicitor could not be a single enzymatic step from a primary metabolite, or a single step from a secondary pathway common to all races of a pathogen (e.g. Rhizobium nod factors, see below). The avrD gene of P. syringae pv. tomato encodes a protein of deduced Mr 34 kd (49) . This protein is not secreted and has no elicitor activity itself. When expressed in E. coli, the avrD gene induces the production of two related host-selective elicitors of low molecular weight. These compounds, tentatively named syringolide 1 and 2, could plausibly be synthesized by condensation and subsequent rearrangement of two E. coli metabolites, xylulose and either a C-8 or C-10 13-hydroxy fatty acid (45, 89a) .
The conclusion from recent results on antibiotic production in bacteria and fungi as well as from work on TOX2 and avrD is that mediation of www.annualreviews.org/aronline Annual Reviews specificity by complex secondary metabolites is completely compatible with monogenic inheritance of specificity.
Many models invoke specific "receptors" as key elements of the plant side of plant/pathogen interactions. These receptors are hypothesized to be the products of plant resistance or susceptibility genes. For HSTs, it is hypothesized that the presence of the appropriate receptor is required for the toxin to act, and, since HSTs are agents of pathogenicity, in the absence of the receptor the plant is resistant (28) . This model is easily compatible with dominant toxin sensitivity, for example, to victorin. In models of diseases in which pathogen avirulence is dominant to virulence, it is proposed that active host defenses are triggered when a pathogen signal (a specific "elicitor") binds to a specific receptor. In the absence of the receptor, no recognition occurs and disease results.
The use of the word receptor in models of plant pathology deserves comment. The concept of receptors in plant pathology is often constrained to that of the canonical receptors in mammals, which are involved in internal homeostasis of the organism, linked to signal transduction pathways, and frequently membrane-localized (e.g. 34). But it is important to keep open mind about what biochemical properties a "receptor" involved in a plant/pathogen interaction might have. Plant receptors are postulated to recognize and bind specificity factors, but enzymes also recognize and bind their substrates. The theoretical treatment of receptor/ligand interactions is closely related to the analysis of enzyme/substrate interactions (84) . The enzyme that is the site of action of a biologically active compound can be considered its receptor, e.g. the chloroplast ATPase for tentoxin (4) , even if the binding is biologically fortuitous.
A gene that encodes a protein that, for example, inactivates an HST or transduces an elicitor of plant defenses would give dominant resistance. A gene that encodes a toxin-activating protein (consider, for example, activation of the nonspecific bacterial toxin tabtoxin by plant peptidases (98)) a receptor that transduces a suppressor of plant defenses would give recessive resistance. If the two alleles of a plant resistance gene encode two functional forms of an essential enzyme, one of which is sensitive to a toxin and the other insensitive (for example, the ornithine carbamoyl transferases of P. syringae pv. phaseolicola (67)), then resistance could be either dominant, semi-dominant, or recessive. This would depend on whether the insensitive enzyme could compensate completely or only partially for the inhibited enzyme in the heterozygote, or whether inhibition of the sensitive enzyme caused accumulation of a toxic metabolite. Sensitivity to AL-toxin is semidominant (29) . Despite the ubiquity of receptors in plant disease models, to date there is no strong evidence for or against specific receptors analogous to mammalian receptors in any plant/pathogen system. The only disease-rewww.annualreviews.org/aronline Annual Reviews sistance gene cloned to date encodes an enzyme that detoxifies the HST HC-toxin (40) . Specificity of HC-toxin does not require specificity in the site of action of HC-toxin.
HSTs Have Been Searched For but Never Found in Many Plant Diseases
Inability to find an HST in any particular plant disease does not, of course, mean that it is not there. It is impossible to know from the scientific literature how many searches have been unsuccessful, but HSTs have not been found even in some cases where they seem likely to be present, either by consideration of symptoms or because the pathogens are related to known HST-producers. For example, resistance to Setosphaeria turcica (H. turcicum), the cause of Northern corn leaf blight, is monogenic and the fungus is related to a number of HST-producing fungi, yet no HST has ever been found. There is rather strong circumstantial evidence for the involvement of HSTs in wilt diseases caused by Fusarium species (76a, 91). Consideration of pathogen and host variation suggests that several additional Alternaria species or pathotypes produce HSTs (77) . Preliminary or unconfirmed reports of other HSTs are generally not included in reviews of HSTs (51) .
Finding, characterizing, and proving the pathogenic relevance of an HST can require serendipity and perseverance. Without wishing to depreciate the significant accomplishments of the discoverers of the known HSTs, these were probably the easy ones to find. One problem can be an over-abundance of candidates: many cellular pathogens make many phytotoxic compounds, which distract the investigator or interfere with analysis of the important ones. Culture filtrate components can be toxic and obscure the presence of a toxin that is actually involved in pathogenesis. The most powerful technique for demonstrating the importance of HSTs in disease has been genetic correlation using variation in sensitivity in the plant or variation in production by the pathogen, but this is not possible with some plants and most pathogens.
Two facets of phytotoxicology are particularly critical: getting the pathogen to make the HST in sufficient quantitites to detect and purify, and choice of bioassay (85, 119) . Species of Alternaria and Cochliobolus constitutively make relatively large amounts of their HSTs in culture, but special media are sometimes required. PC-toxin production by Periconia circinata and HC-toxin production by C. carbonum require the addition of yeast extract to the medium (76a). Zinc ions are required for effective production of ACR and ACT toxins, specific for rough lemon and tangerine, respectively, from Alternaria citri (53) . Ferric ions are required for production of the peptidic nonspecific toxin syringotoxin by Pseudomonas syringae www.annualreviews.org/aronline Annual Reviews pv. syringae (66) . Phenolic 13-glucosides induce the genes responsible for the synthesis of syringomycin (65), and flavonoids induce the nodgenes of Rhizobium (see below).
It is likely that there are other HSTs that have not been discovered because the correct culture conditions have not been found. Tight developmental and/or nutritional control of secondary metabolism is the rule in most microorganisms (58) . Other HSTs might be made only in planta, either because the toxins are made only at a particular developmental stage of the pathogen that occurs only in the plant, or because their synthesis is induced by a physical or chemical signal from the plant. Few HSTs have been successfully extracted from infected tissues. The histories of the characterization of the two known toxic host-selective elicitors, the avr9 peptide from C. fulvum and syringolide from P. syringae pv. tomato, are instructive. The avr9 peptide was originally isolated from leaves of cfl)/cf9 tomato leaves infected with Cladosporium fulvum containing the putative avr9 gene for avirulence. Subsequent to the cloning of the gene it was found that avr9 is also expressed in culture, but only when nitrogen is limiting (99) . Hence, the avr9 peptide could have been discovered in axenic culture, like classic HSTs, if the proper growth conditions had been known. Likewise, the host-selective elicitor, syringolide, whose synthesis is controlled by the avrD gene of P. syringae pv. tomato, was found only when avrD was over-expressed in E. coli; expression of the avrD gene is enhanced 100-fold in planta and, like other bacterial avr genes (38) , under appropriate cultural conditions (45) . In principle it, too, could have been discovered before the development of molecular cloning.
An inappropriate bioassay will not manifest a toxin even if it is there. For example, a chloroplast-specific toxin will not inhibit root growth. Toxin action in leaf assays can be suppressed or retarded by light (52) . Some assays are much more sensitive or quantitative than others. Furthermore, even toxins that are important in disease are not necessarily toxic at the cellular level. Toxins such as victorin and T-toxin, as well as many nonspecific cellular poisons, cause cells to collapse and die, but other toxins are more subtle. HC-toxin, for example, which is a certified HST and beyond any doubt the critical specificity factor in leaf spot disease of maize (62, 70) , inhibits root growth but not only does not kill nondividing leaf mesophyll protoplasts but actually promotes their survival (112) . While most toxins stimulate ion leakage, indicative of a malfunction of the plasma membrane, HC-toxin stimulates uptake of certain ions (120) . HC-toxin and its analog chlamydocin inhibit cell division but do not directly kill cultured mouse mastocytoma ceils; these compounds are more properly called cytostatic and not cytotoxic (107) . Among other possibilities, a nontoxic toxin could be required for disease by inhibiting a constitutive enzyme required www.annualreviews.org/aronline Annual Reviews only for defense or by inhibiting the induction of a defense response. A nontoxic HST of this nature could be called a host-selective suppressor (e.g. 52) .
It" the agent of specificity is known, rational and rapid progress can be made towards both the cloning and functional analysis of pathogenicity genes and resistance genes. Direct identification of the agents of specificity in plant diseases should be a high priority. Whether the agent is called an HST, an elicitor, or some other name, the experimental obstacles are similar: (a) induction of production, (b) assay, (c) purification, (d) structural dation, and (e) evaluation of its role in disease. Good biology is necessary to overcome the first two; advances in chemistry have helped considerably in the third and fourth; molecular genetics is the most powerful tool to address the fifth (45, 70, 73, 100) .
Cell-Autonomous Resistance and Localized Hypersensitivity Appear to Preclude "'Diffusible" Substances
The rubric "diffusible substance" is applied to small molecules such as toxins to distinguish them from macromolecules such as proteins. By Fick's and Graham's laws, and from empirical measurements of diffusion coefficients, a molecule 100 times larger than another diffuses 10,000 to 100,000 times more slowly (15, 69) . Hence, small molecules such as toxins can move in plant tissues and cause symptoms at a distance from the site of synthesis. Physiological perturbations caused by proteins or large polysaccharides are likely to be localized. Diseases in which toxins are involved typically show pathological symptoms some distance from the site of infection. Symptoms at a distance are prima facie evidence for the involvement of a toxin. For example, almond trees infected with Fusicoccum amygdali wilt due to the movement of fusicoccin to the stomata via the transpiration stream (8) .
In contrast, the hypersensitive response (HR), considered by many to the archetypal resistance response, is by definition localized to the site of inoculation (96) . In genetically chimeric plants and in tissue sandwich experiments in which tissues expressing HR (incompatible) are immediately adjacent to susceptible (compatible) tissue, there appears to be no influence of the compatible reaction on adjacent incompatible tissue, nor of incompatible tissue on adjacent compatible tissue (10, 16, 17) . Hence, it has been concluded that, at least in rust diseases, no "diffusible" substances (i.e. toxins) are involved. "Cell-autonomy" of HR is consistent with models in which the pathogen elicitors and the host receptors are large molecules (polysaccharides or proteins) or are membrane-bound (43) .
However, small molecules are not necessarily physically or functionally capable of moving in a plant. Toxins can have limited solubility either in www.annualreviews.org/aronline Annual Reviews the hydrophobic cellular membrane or in the intra-or extracellular aqueous apoplast; they might be metabolized; and they might become immobilized locally by specific or nonspecific binding. In C. carbonum race 1 infections of maize, symptoms are localized to the infected tissue and there are no symptoms at a distance, even though an HST is involved in this disease. This is perhaps because HC-toxin moves but does not cause any overt symptoms, or because the epoxide group reacts rapidly with omnipresent nucleophiles (87) . Although metabolic degradation of HC-toxin is the basis of Hm-mediated resistance to C. carbonum race 1, HC-toxin is metabolized nonspecifically in the vascular tissues (62, 63) . As a result, the half-life HC-toxin even in sensitive maize leaves might be too short to allow any significant movement and hence symptoms at a distance.
Potentially diffusible substances can elicit localized HR. The HR in tomato infected with C. fulvum (81) and in bean infected with P. syringae pv. tomato (45) is mediated by compounds small enough to be considered diffusible. Both disease interactions have been claimed to conform to Flor's gene-for-gene hypothesis (49, 100). E. coli cells overexpressing avrD from P. syringae pv. tomato cause "systemic, spreading necrosis" (45), a symptom more characteristic of a toxin than of HR.
Furthermore, some large elicitors are capable of movement in plants. The endoxylanase of Trichoderma viride, a 22-kd protein that elicits "'defense responses" such as ethylene biosynthesis, electrolyte leakage, and necrosis, moves in the xylem (6) . Overall, apparent cell autonomy of resistance does not preclude the involvement of HSTs or other small molecules, nor do symptoms at a distance preclude the involvement of macromolecules.
BIOLOGICALLY, ELICITORS RESEMBLE TOXINS (AND VICE VERSA)
Although not all certified "toxins", e.g. HC-toxin, are toxic, it appears that all known elicitors are toxic. Nonspecific biotic elicitors such as pectinase, xylanase, and pectic and other cell wall fragments cause necrosis, stimulate electrolyte leakage, inhibit protein synthesis, and induce ethylene biosynthesis (e.g. 5, 18, 117) . Abiotic elicitors such as UV irradiation, detergents, and heavy metals are detrimental to all cells. The two known host-selective elicitors, the avr9 peptide from C. fulvum and syringolide from P. syringae pv. tomato, cause host-selective necrosis (45, 100 ). This situation is paradoxical since by definition a toxin should be toxic, whereas there is no a priori reason why an elicitor must be toxic to induce plant defenses.
One of the hrp genes of Erwinia amylovora encodes a 44-kd protein ("harpin") that causes necrosis and associated symptoms on the nonhost tobacco similar to that induced by the bacteria themselves (109). Other toxic www.annualreviews.org/aronline Annual Reviews proteins from plant pathogens have been reported (e.g. 94) but their biological significance is less clear. Harpin is required for pathogenicity, like a toxin, but is also required for HR, like an elicitor. Should harpin be called an elicitor or a toxin? It will be interesting to see if the gene for harpin, hrpN, is found in the hrp clusters of all pathogenic bacteria, and, if so, how the phytotoxicity of harpin relates to the toxicity of the products of avrD and of other avr genes.
We do not know the modes of action of most HSTs (which, as discussed above, is not necessarily the same as the basis of their specificity), but we do know that they have different effects. Some toxins cause slow cellular collapse, some act rapidly. Some toxins cause chlorosis, or membrane leakiness, or accumulation of toxic metabolic intermediates, or ultrastructural alterations in organelles. Regardless of their action, the simple (and perhaps simplistic) raison d'etre of toxins is that they kill or metabolically compromise sensitive cells and thereby turn the plant tissue into a nutrient medium. To rationalize the selective advantage of HSTs, it is not necessary to postulate additional steps in the process, although this does not mean that additional steps are not required.
For elicitors, however, simple cell death is inadequate to account for the ultimate resistance phenotype, at least in diseases caused by nonobligate pathogens. Associated with or as a result of HR-associated cell death there must also be the induction of "active defense responses", since there is no evidence that a dead cell per se is inhibitory to any potential pathogen. What these defenses actually are is still controversial, but candidates include lignification, synthesis of pathogenesis-related proteins such as chitinase and 131,3-glucanase, and accumulation of phytoalexins. But how do elicitors kill cells, and is the means by which they do so fundamentally different from how HSTs kill cells? Despite the description of HR-associated phenomena such as activated oxygen production (92) and K+/H + exchange (3), we not know the mechanism of HR-associated cell death. Much of the descriptive work on HR can be seen as a list of the symptoms of a particular way of dying. Electrolyte leakage, for example, is a commonly reported "defense" response to specific and nonspecific elicitors (e.g. 5, 46, 71) ; it is also the oldest and most widely used assay for HSTs (110) . Because stimulation ion leakage is such a general response of injured cells, it has never been a very useful clue to the mode of action of any toxic agent.
It has been proposed that in HR the plant cell is triggered by the elicitor to commit suicide (e.g. 20) . Support for this idea comes from the frequent observation that elicitation of HR and the induction of phytoalexins by fungi and bacteria are blocked by inhibitors of plant protein synthesis and by heat pretreatment (44, 58a, 93) . Significantly, the toxic effects of some HSTs also require protein and/or RNA synthesis. Pretreatment of oat tissues or www.annualreviews.org/aronline Annual Reviews protoplasts with various inhibitors of protein or RNA synthesis protects them fully, and reversibly, against the effects of victorin (28, 106) . Cycloheximide pretreatment protects sorghum tissues against PC-toxin (113). Inhibitors protein synthesis as well as light suppress the action of some Alternaria HSTs (52) . Heat treatment of tissues induces insensitivity to several HSTs, including PC-toxin, victorin, AM-toxin, AK-toxin, and helminthosporoside (13, 77) . In at least three cases, heat-induced insensitivity to an HST correlated with the pattern of seasonal field resistance to the producing pathogen (77) . If elicitors induce plant suicide, we must consider the possibility that HSTs do so also (106) .
The fundamental question for distinguishing between a toxin and an elicitor is how can cell death be associated in some diseases with susceptibility and in others with resistance? For obligate pathogens, host death at the cellular level must perforce lead to resistance of the plant as a whole. For facultative saprophytes, which include most imperfect and ascomycetous fungi and bacteria, the relation between HR-induced cell death and resistance is obscure. If cell morbidity is sufficient to trigger effective defense responses, then HSTs must somehow kill cells without allowing those defenses to be triggered, or else the fungi that make HSTs must be resistant to those defenses. Victorin induces avenalumin production in oats, and is therefore an elicitor as well as an HST, but the producing fungus is resistant to this phytoalexin (60) . The ability of P. circinata to infect sorghum is unaffected by prior induction of "defense" responses with an elicitor (75) . Perhaps pathogen must be specialized to cope with all of the inducible defenses of its host (whatever these might be) before an HST will confer any selective advantage.
Overall, there appear to be no chemical or biochemical criteria by which one can distinguish, as biologically active molecules, elicitors from toxins. If a pathogen-produced toxic compound has not been or cannot be shown to elicit either a susceptible or resistant reaction in the host, then whether to call it a toxin or an elicitor is completely arbitrary. Many described compounds fall into this category. Furthermore, for neither elicitors nor HSTs can we distinguish between cell death as a symptom and cell death as a determinant of the ultimate pathogenic phenotype. If cell death is a determinant, then why does cell death in some cases lead to successful colonization and in other cases the opposite? Bailey & O'Connell (7) propose that it is simply a matter of timing: if only moribt~nd cells can mount an effective active defense response, then susceptibility will result if plant cells die quickly and resistance will result if the cells die slowly. Therefore, a fast-acting elicitor would be a toxin, and a slow-acting toxin would be an elicitor. The question of whether elicitors are triggers of a process by which plant cells kill themselves can also be asked of toxins. The importance of www.annualreviews.org/aronline Annual Reviews the answer supports the importance of the study of the mode of action of both elicitors and toxins.
SECONDARY METABOLITES ARE OF PRIMARY IMPORTANCE IN THE LIVES OF MICROORGANISMS AND PLANTS
The past few years have seen the discovery of the first peptide hormone in plants (61) , the first proteinaceous HST (94a), and the first ribosomally synthesized specific (81, 100) and nonspecific (e.g. 109) peptide elicitors. At the same time, however, the number and types of secondary metabolites shown to be involved in plant/microbe interactions is expanding at a great rate. Tens of thousands of secondary metabolites, with the vast majority being from plants and microorganisms, have been described (58) . There a growing consensus that secondary metabolites are important above all in the interactions between organisms, including herbivory, pathogenesis, symbiosis, and competition (90) . Many animal hormones are ribosomally synthesized polypeptides, but with the exception of systemin (61), all known plant growth regulators are small molecules, synthesized by enzymes in pathways that are distinct from those of primary metabolism. In animal pathology "toxins" are, except for the relatively minor endotoxins, all bacterial proteins. These toxins are important virulence factors in food poisoning, botulism, cholera, diphtheria, gangrene, dysentery, and whooping cough. Again in contrast to mammalian toxins, all phytotoxins are with few exceptions secondary metabolites.
In addition to HSTs and elicitors, secondary metabolites that are known or suspected to be important in plant/pathogen interactions include phytoalexins, produced by plants in reponse to biotic and abiotic stresses (23) , and nonspecific toxins (8, 111) . Biological control of pathogenic microorganisms by other organisms can involve competition, parasitism and predation, or antibiosis (27) ; the evidence for antibiosis in some situations particularly strong. For example, suppression of black root rot of tobacco by Pseudomonas fluorescens is due to 2,4-diacetylphloroglucinol (42). 2.8-kb region of DNA from P. aureofaciens controls both the synthesis of three phenazine antibiotics and the suppression of take-all disease of wheat (73) . Suppression by P. fluorescens of damping-off of cotton is associated with the production of the antibiotic oomycin A (37). That biological control can actually be a variety of "microchemical" control epitomizes the importance of secondary metabolites in the ecological relationships of microorganisms with each other and with plants.
Both specific and nonspecific secondary metabolites also play an important role in symbiotic plant/microbe interactions. Various plant flavonoids are www.annualreviews.org/aronline Annual Reviews the first known signal to move between Rhizobium and its hosts, setting in motion the complex series of developmental events leading to nodulation and nitrogen fixation (72) . (Other compounds of the phenylpropanoid pathway induce the vir genes of Agrobacterium necessary for infection of its dicotyledonous hosts (122)). Discrimination among various flavonoids the product of the nodD gene of Rhizobium contributes to host-range specificity (72) . NodD activates the other nod genes, both the "common" ones and the "host-specific" ones determining host-range. The structural nod genes encode enzymes that catalyze the various steps in the synthesis of small lipo-oligosaccharides known as Nod factors. The discovery of the Nod factors (55) ended the monopoly of HSTs as the only known agents of specificity in plant/microbe interactions. The common nod genes nodABC determine a core Nod-factor structure, which is an acylated tetramer of N-acetylglucosamine. The deduced nodC protein sequence is highly similar to chitin synthetases from yeast, and therefore nodC likely encodes an enzyme that synthesizes the tetrameric backbone (2, 21) . The core of the Nod factors is modified by the gene products of the host-specific nod genes such as nodFEG, nodH, nodPQ, and nodSU. By analysis of the differences between Nod factors, and by amino acid sequence similarity to genes of known function, the functions of the host-specificity nodP and nodE genes, for example, have been deduced to encode the biosynthetic enzymes ATP sulfurylase and [~-ketoacyl synthase, respectively (cited in (2)).
The characterization of Rhizobium nod genes makes an interesting paradigm that might also occur in plant/pathogen interactions. A biosynthetic pathway in which a nonspecific core compound is modified to one with specificity is a way in which genes for "basic compatibility" (35) could intermesh with pathogen genes determining specificity. The Rhizobium nod gene situation is reminiscent of isoflavonoid phytoalexin biosynthesis, where enzymes early in the pathway such as phenylalanine ammonia lyase and chalcone synthase are common to many plant species, but later enzymes synthesize the spectrum of flavonoids unique to various species. Although phytoalexins are generally considered to be part of a general defense response of plants, there is no reason that genes encoding enzymes late in the phytoalexin biosynthetic pathway could not behave as specific, monogenic resistance genes. Tolerance ("resistance") to particular phytoalexins made by the host plant by detoxificative metabolism is important in virulence of the pea pathogen Nectria haematococca and probably other fungal pathogens (101) . This is the converse of detoxification of HC-toxin as the basis resistance of maize to C. carbonum race 1 (40, 62) . Toxic secondary metabolites and means of neutralizing them are demonstrated successful strategies of both plants and pathogens.
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MOLECULAR BIOLOGY OF HOST-SELECTIVE TOXIN BIOSYNTHESIS
As discussed above, it is important to understand the modes of action of molecules such as HSTs and host-selective elicitors that have a known role in disease. Likewise, it is important to understand the nature of the pathogen genes that control the synthesis of these compounds. This might lead to insights into the evolution of host-range of plant pathogens, which, in turn, might allow plant pathologists and plant breeders to develop more effective disease-control strategies.
The molecular genetics of the biosynthesis of a number of bacterial nonspecific toxins have been studied (32, 111) , but to the best of our knowledge only HC-toxin biosynthesis by C. carbonum has been studied enzymologically. The goal of this research has been to understand how HC-toxin is synthesized, and to use the enzymes as a means of cloning the TOX2 gene. Research on TOX2 can also serve as a model for understanding other TOX genes in Cochliobolus and Alternaria.
In 1961, Nelson & Ullstrup (68) demonstrated that races 1 and 2 of carbonum differ by a single Mendelian gene with respect to pathogenicity on maize lacking the Hrn gene for resistance. This was before the discovery of HC-toxin and no function other than determination of race-specific pathogenicity could be assigned to the unnamed gene in the fungus. After the discovery that race 1 of C. carbonum uniquely produces the host-selective metabolite, HC-toxin, in culture (79), Scheffer et al (78) showed that ability to produce HC-toxin segregated with the previously identified pathogenicity gene. This gene is now called TOX2 (121) .
Enzymology of HC-toxin Production
The elucidation of the structure of HC-toxin as a cyclic tetrapeptide, cyclo(D-prolyl-L-alanyl-D-alanyl-L-Aeo), where Aeo stands for 2-amino-9,10-epoxy-8-oxodecanoic acid (33, 41, 104) , suggested that the compound might be synthesized like other small microbial peptides such as gramicidin and tyrocidine. Peptide antibiotics are produced on large, multifunctional enzymes that catalyze several sequential steps. The amino acids are first activated by adenylation (amino acid + ATP ~-aminoacyl-AMP + PPi), then covalently bound to the enzyme by a thioester linkage with the release of AMP. Peptide bonds are then formed between the bound amino acids and the peptide is released. The amino acid-adenylation step is reversible at equilibrium and serves as the basis of the convenient ATP/PP i exchange assay for nonribosomal peptide synthetases (48) .
Based on this assay, amino acid-dependent ATP/PPi exchange activities www.annualreviews.org/aronline Annual Reviews predicted for an "HC-toxin synthetase" were detected in C. carbonum race 1 (102) . Activities dependent on the amino acids D-alanine, L-alanine, and L-proline (but not D-proline) were found. These enzyme activities are detectable only in race 1 isolates of C. carbonum, and genetically segregate with TOX2 (102). All three activities co-precipitate at a low ammonium sulfate concentration, but the L-proline activity is separable from the two alanine activities on several chromatographic media. Therefore, our initial conclusion was that at least two enzymes participate in the synthesis of HC-toxin, and that therefore TOX2 is a gene cluster, perhaps similar to other antibiotic gene clusters (36) . These enzymes were purified. HC-toxin synthetase 1 (HTS-1), has an r of 220 kd, catalyzes ATP/PPi exchange dependent on L-proline, and epimerlzes L-proline to D-proline, the isomer found in HC-toxin. The second enzyme, HC-toxin synthetase 2 (HTS-2), has an r of 1 60 kd, c atalyzes ATP/PP i exchange with either D-alanine or L-alanine, and epimerizes L-alanine to D-alanine, but not vice versa. Both enzymes bind their amino acid substrates covalently as thioesters (108) .
The discovery that HC-toxin synthetase would recognize and incorporate D-alanine into HC-toxin (102) suggested a method to prepare radiolabeled HC-toxin. D-alanine should be a relatively specific precursor, and in fact up to 3% of radiolabeled D-alanine added to the culture medium is incorporated into HC-toxin (63) . As expected, little of the radiolabeled D-alanine, unlike L-alanine, is diverted to protein (63) . Radiolabeled HC-toxin prepared in this way was used to study metabolism of HC-toxin by maize (62, 63) .
Cloning of HTS1
Research on the gene(s) encoding HTS-1 and HTS-2 began with the isolation of a cDNA clone from a lambda gtll expression library screened with murine polyclonal antibodies raised against HTS-1. One immunopositive cDNA was found to encode a peptide obtained by direct sequencing of HTS-1 (83). This cDNA was used as a probe to identify genomic clones containing the HTS-l-encoding gene, called HTS1 (70) .
Without considering the molecular details of HTS1 or the function of its product, there are three striking features of the chromosomal locus encoding this gene. First, HTS1 is part of a contiguous region of DNA, 22 kb in length, that has absolutely no homology to DNA from any non-HC-toxinproducing race of C. carbonum or species of Cochliobolus tested (70) . HTSl-specific primers amplify a fragment of the right size by PCR with DNA from all race 1 isolates, but never from isolates of other races or species (40a). Second, this 22 kb of race l-unique DNA is flanked on either side by moderately reiterated DNA (70) . Elements from the 5' and 3' flanks www.annualreviews.org/aronline Annual Reviews have homology to one another as well as to repeated sequences from other races of C. carbonum and C. victoriae (70; D. G. Panaccione & J. D. Walton, unpublished results). Third, the entire 22-kb race l-unique region, as well as at least 6 kb of repeated DNA on the 5' flank and 2 kb on the 3' flank, are duplicated (70) . The duplication has been found in all race isolates examined, and the duplicate copies are genetically linked.
These findings have interesting implications with respect to the evolution of race-specific pathogenicity in C. carbonum. The finding that the DNA from toxin-nonproducing races of C. carbonum has no homology with the DNA required for HC-toxin production and pathogenicity indicates that the evolution of races in C. carbonum involved the deletion or acquisition of a substantial region of DNA. HC-toxin biosynthetic capability might at one time have been common to the species and was subsequently deleted in certain isolates, to create race 2, or it might have been recently acquired by the species, to create race 1. This question has practical implications. If HC-toxin production is an ancestral trait lost by some races, then the appearance of new toxin-producing races of Cochliobolus pathogens is unlikely. However, if Cochliobolus species can acquire novel toxin biosynthetic genes, by horizontal gene transfer for example (58) , then isolates with the ability to produce new toxins might appear periodically.
The presence of repeated DNA flanking the 22-kb race 1-unique DNA is curious given the relative rarity of repeated sequences in filamentous fungi. Limited sequence analysis has failed to find significant similarities between the repeated elements and any known gene or transposable element. Although this repeated DNA is common to tox + and tox-isolates, it is not known if it is present in the same region on the homologous tox-chromosome or whether it is scattered throughout the genome. If in the same location, then crossing over within the repeated DNA of the TOX2 locus should be possible, resulting in aberrant segregation ratios for the tox + phenotype. This has not been observed (68) . Physical mapping of TOX2 using pulsed-field gel electrophoresis should resolve the nature and location of the TOX2-associated repeated DNA (J. Ahn & J. D. Walton, research in progress).
The significance of the duplication of the HTS1 locus, with respect to evolution, is in its precision. No RFLPs were detected with any of 22 six-bp recognition sequence restriction enzymes tested (70) , suggesting recent evolution of the duplication. If strains with a single copy of the HTS1 locus can be found, then the precision of the duplication merely indicates that HTS1 was duplicated recently, and no inferences to the evolutionary age of race 1 can be drawn. However, if the duplicate form is the original state of race 1, then race 1 is probably of recent origin. Six isolates of C. 
Disruption of HTS1
There were three compelling reasons to create mutants of HTSI: first, to confirm the identity of the cloned gene as encoding the L-proline activating enzyme, HTS-1; second, to test definitively the role of HTS-1 in HC-toxin biosynthesis; and third, to test further the essential role of HC-toxin as a pathogenicity determinant. The linked duplication of the HTS1 gene presented an unusual problem for the creation of mutants by transformationmediated gene disruption. The problem was overcome by disrupting single copies of HTS1 in two successive transformation experiments with two different selection systems (70) . Disruption of one copy of HTSI near the 5' end of the gene results in an approximately 50% reduction in HTS-1 activity, measured as L-prolinedependent ATP/PPi exchange. Mutants created in this way still produce HC-toxin and cause lesions identical to those caused by wild-type race 1 isolates. When the second copy of HTS1 in these strains is disrupted at the same site, the mutants completely lose HTS-1 activity (70) . These strains, now with no functional copies of HTS1, are unable to produce HC-toxin and cause only small chlorotic flecks, identical to those produced by race 2 isolates, on susceptible corn. This constitutes the strongest evidence to date for the essential role of HC-toxin in leaf spot disease. Unexpectedly, HTS1 mutant strains also have a reduction in HTS-2 activity (i.e. D-and L-alanine-dependent ATP/PP i exchange) proportional to the corresponding reduction in HTS-1 activity (70) . Until this experiment, the biochemical evidence had indicated that I-ITS-1 and I-ITS-2 were separate enzymes that functioned independently (70, 108) .
In a second set of disruption experiments, both copies of HTS1 were disrupted near the 3' end (70) . Mutants created in this way are unable produce HC-toxin and lack race 1 pathogenicity. However, these strains retain 60% of their HTS-1 and HTS-2 activities.
As demonstrated with strains that have one copy of the 5' end of HTS1 disrupted, these levels of HTS-1 and HTS-2 activities are sufficient for HC-toxin production (70) . Thus, mutants created by disruption near the 3' end of HTS1 are unable to produce HC-toxin due to the loss of some activity other than those associated with HTS-1 and HTS-2. These data indicate that the product of the HTS1 gene catalyzes multiple steps in the synthesis of HC-toxin.
All mutants created by disruption of HTS1 accumulate in culture a novel epoxide-containing metabolite that is apparently related to the amino acid www.annualreviews.org/aronline Annual Reviews Aeo found in HC-toxin (D. G. Panaccione, K. Akimitsu, & J. D. Walton, unpublished results). This molecule is made in trace amounts by wild-type race 1, in high amounts by HTS1 mutants, but not at all by race 2 isolates. Therefore, the epoxide-containing compound is linked to HC-toxin, perhaps as a precursor or shunt metabolite of Aeo. If so, this indicates that, first, this molecule is not synthesized by the product of the HTS1 gene, and, second, that race 2 lacks the enzymes to make it. Since, to the best of our knowledge, only a single gene, TOX2, is necessary for HC-toxin production, the presence of this epoxide-containing compound indicates that TOX2 includes novel genetic information necessary for HC-toxin production in addition to HTS1.
Sequence of HTS1
The resolution to the problem of coordinate reduction in HTS-2 activity upon disruption of the gene for HTS-1 lies in the sequence of ttTS1 (83) . HTS1 is an enormous, 15.7-kb open reading frame (ORF), capable encoding a protein of 5215 amino acids and a M r of 570 kd (Figure 1 ). This is to the best of our knowledge the largest known ORF from any organism, and it encodes the second largest known polypeptide of those whose size has been confirmed by DNA sequencing (83) . The deduced product of this ORF contains stretches of peptide sequence obtained by directly sequencing HTS-1, and also a 20-amino acid peptide obtained from sequencing HTS-2. Thus, HTS-1 and HTS-2 are potentially part of a single polypeptide. In support of the hypothesis that HTS-1 and HTS-2 exist as a single, large polypeptide in the cell, anti-HTS-2 antiserum recognizes a polypeptide of Mr greater than 480 kd in some HTS preparations (83) . Furthermore, the predicted product of HTS1 has a primary structure very similar to other large peptide antibiotic synthetases (Figure 1) .
The deduced product of the HTS1 ORF contains four domains, each of about 600 amino acids, that are similar to each other as well as to similar domains found in other eukaryotic and prokaryotic peptide synthetases (Figure 1; 83) . These include the aminoadipyl-cysteinyl-valine (ACV) thetases of various prokaryotes and filamentous fungi (e.g. 89) and gramicidin synthetase 2 of Bacillus brevis (95) . In the multifunctional peptide synthetases studied thus far, the number of domains in a particular enzyme corresponds to the number of amino acids activated by that enzyme. This correspondence appears to be true also with HC-toxin synthetase, since HTS1 of C. carbonum encodes four domains and HC-toxin is a tetrapeptide. However, the ability of the HTS1 product to activate Aeo has not yet been demonstrated due to its unavailability.
The sizes of the regions between domains are also quite similar among the three multifunctional cyclic peptide synthetases (Figure 1 ). Although www.annualreviews.org/aronline Annual Reviews Figure 1 Comparison of three multifunctional peptide synthetases. Left: deduced amino acid sequence of the tripartite ACV synthetase encoded by acvA from Penicilliurn chrysogenurn (89) . Center: the tetrapartite gramicidin synthetase 2 encoded by grsB from Bacillus brevis ATCC 9999 (95) . Right: the tetrapartite HTS encoded by HTS1 from Cochliobolus carbonum race 1 (83) . Domains that are similar to each other within and between the different enzymes are shaded (83) . The sequences for ACV synthetase and gramicidin synthetase 2 start at the known translational start sites, and the sequence of HTS starts at the beginning of the HTS1 ORF. The presumed translational start of HTS is the methionine at position 16 or 18 (83) . both gramicidin synthetase 2 and HC-toxin synthetase activate four amino acids, HC-toxin synthetase is larger because of a larger region between domains 1 and 2 ( Figure 1) . The enzymatic significance of this region unknown (83) .
There is less overall amino acid identity among the four domains of the HTS1 product than there is among the domains of ACV synthetase or gramicidin synthetase (83) . If one assumes that multifunctional peptide www.annualreviews.org/aronline Annual Reviews synthetase genes arose by repeated duplication of one such domain, then, based on similarity among domains in individual proteins, HC-toxin synthetase is older than the ACV synthetases or gramicidin synthetase.
A striking feature of HTS1 is its apparent lack of introns (83) . All four other known C. carbonum genes, although only a fraction of the size of HTS1, contain one or two introns (82; Walton et al, unpublished results). The other eukaryotic peptide synthetase genes sequenced thus far (the ACV synthetase genes of P. chrysogenum, C. acremonium, and A. nidulans) also contain no introns (see (83) ).
Is TOX2 a precedent for other TOX loci? First, exhaustive efforts to obtain TOX1 mutants of C. heterostrophus by classical mutagenesis have been unsuccessful (14) . One possible explanation for this failure is that some or all of TOX1, like TOX2, is duplicated. Second, TOX1 and TOX3 of C. victoriae could also encode biosynthetic enzymes, for T-toxin and victorin, respectively. Victorin is also a cyclic peptide, so "victorin synthetase" is undoubtedly functionally and structurally related to HC-toxin synthetase and other cyclic peptide synthetases. T-toxin is a polyketide, and all known polyketides are synthesized by large, multifunctional enzymes encoded by gene clusters (36) . Polyketide and cyclic peptide synthetases are functionally related (56) . Using PCR with primers based on amino acid regions conserved in all peptide synthetases, we have cloned fragments of peptide synthetase genes from C. victoriae and are in the process of testing by targeted gene disruption their involvement in victorin biosynthesis as well as their relationship to TOX3 (D. G. Panaccione & J. D. Walton, unpublished results). In contrast to TOX2, the DNA encoding the putative victorin synthetase is found in all Cochliobolus species tested. Therefore, TOX3 might differ from TOX2 in this fundamental aspect.
What is TOX2?
Despite extensive structural and functional analysis of HTS1, we do not yet understand all of TOX2. Including the known repetitive DNA flanking the 22-kb tox÷-unique DNA (70) , which is also duplicated and shows tox ÷-unique RFLPs, we estimate that TOX2 is at least 56 kb in size (70) . However, there is no theoretical reason why TOX2 could not be even ten times larger. We are currently mapping the distance between the two copies of HTS1 using pulsed-field gel electrophoresis. If TOX2 is large enough relative to the size of the chromosome it is on, there might be detectable chromosomal size polymorphisms between race 1 and race 2 isolates of C. carbonum. Between races T and O of C. heterostrophus, there is a chromosomal polymorphism resulting from a translocation associated with the TOX1 locus (12). www.annualreviews.org/aronline Annual Reviews HTS1 is the core of TOX2, but it appears likely that additional enzymatic activities are necessary for the synthesis of Aeo. If those additional enzyme activities are restricted to race 1 of C. carbonum, as appears to be the case, then they must be linked to HTS1 as part of TOX2. DNA linked to HTS1 and unique to race 1 of C. carbonum has been identified by chromosome walking from the 22-kb race 1-unique region (Walton et al, unpublished) . These sequences may contain additional genes involved in HC-toxin biosynthesis.
The complexity of TOX2 was implicit from earlier genetic studies. Scheffer et al (78) discussed evidence that the locus governing HC-toxin biosynthesis may be a complex locus. Progeny of crosses between race 1 isolates of different geographical origin differed in the amount of HC-toxin they produced, leading to the conclusion that "the amount of toxin produced is conditioned by several genes" (78) . Based on what we now know of the TOX2 locus, recombination within this locus in a cross between a race 1 isolate and a toxin-nonproducing isolate is unlikely because of the absence of a recessive allele for HTS1. However, in crosses between race 1 isolates meiotic recombination within the TOX2 locus could occur (the ratio of physical to genetic distance in C. heterostrophus has been estimated at 23 kb/cM (97) ) and result in progeny that produce increased or decreased quantities of HC-toxin. If race 1 did evolve recently through the acquisition of HC-toxin biosynthetic capability, from where did that DNA originate? Cyclic tetrapeptides containing Aeo are found in four other, unrelated fungi. These are Cylindrocladium scoparium, which produces Cyl-2, Diheterospora chlamydosporia, which produces chlamydocin, Petriella guttalata, which produces WF-3161, and Helicoma ambiens, which produces trapoxin (39, 103) . The gene for HTS1 does not hybridize to DNA from these other species, indicating that the other cyclic peptide synthetases are not highly similar to HTS1, but sequences encoding peptide synthetases from several of these fungi have been cloned by PCR using primers based on amino acid sequences highly conserved among the cyclic peptide synthetase genes that have been sequenced (83; A. Nikolskaya & J. D. Walton, unpublished results). Comparison of the sequences of these other cyclic peptide synthetase sequences to HTS1 will reveal their evolutionary relatedness.
The mechanism and distribution of plant resistance to HC-toxin counter the hypothesis that HC-toxin synthesis might have evolved recently in C. carbonum race 1. Resistance to C. carbonum race 1 in maize occurs by enzymatic detoxification of HC-toxin (40, 62) . The responsible enzyme found in resistant maize but also wheat, barley, oats, and sorghum (63a). Maize of genotype hm/hm lacks a functional gene and lacks the enzyme, www.annualreviews.org/aronline Annual Reviews yet is phenotypically normal, indicating that this enzyme has no essential housekeeping function (40) . If HC-toxin reductase exists only to protect plants against HC-toxin or its Aeo-containing relatives, then it would appear that these cyclic peptides have been a significant factor in the evolution of the Poaceae.
CONCLUSION
Plant pathologists have for many years discussed the possibility of a model disease upon which a community of researchers could focus. The reality, however, is that viruses, bacteria, nematodes, and nectrotrophic and biotrophic fungi are so different from each other that it is unlikely that their interactions with plants are governed by the same processes and agents. Therefore, although HSTs are critically involved in many diseases, and although many HSTs undoubtedly remain to be discovered, we would not want to propose that all or even the majority of diseases will prove to involve HSTs or HST-like molecules such as secondary metabolite elicitors. Recent research on diseases other than those traditionally associated with HSTs demonstrates that HSTs and the diseases in which they occur do share many key attributes with other agents of specificity and other diseases. However, despite the emergence of this theme, the only currently safe generalization is that speculation about diseases for which there is no experimental evidence is hazardous, all the more so in view of the accelerating pace of experimental progress in plant pathology.
The only answer to the question of whether HSTs are typical or atypical specificity factors are further questions. Is C. fulvum a typical fungal pathogen? Is syringolide a typical bacterial elicitor? Do leaf mold and bacterial speck of tomato represent typical gene-for-gene interactions? These questions are unanswerable and will remain so until many more disease interactions are understood in detail. It is exciting that recent years have seen so much definitive progress. The next few years should see further tremendous progress and even, as has long been the not-so-secret hope of researchers in the field of plant/pathogen interactions, the emergence of novel ideas of interest to all biologists.
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